The presence of subcutaneous nodular onchocercosis was investigated at slaughter of 151 red deer (Cervus elaphus) (107 juveniles and 44 adults) between OctobereDecember 2015. The prevalence of subcutaneous nodules was 56%. Nodules were located in the lumbar region of the back in 96% of the cases, and 38% of the infected red deer had additional parasitic nodules in other body locations, such as rump, thorax, forelimbs and neck. The number of nodules per deer was 1e10 in two-thirds of the affected animals, and only 2% had more than 50 nodules. Significant differences in prevalence of nodule presence were found between adult (81%) and juvenile red deer less than two years of age (45%) (p ¼ 0.0001). Species confirmation and identification was done on 14 randomly selected nodules taken from the lumbar region of 14 deer of different geographical origin, by sequencing the mitochondrial 12S, 16S and nad5 gene fragments. The sequences were more or less identical (12S ¼ 99e100%; 16S ¼ 93 e100%; nad5 ¼ 92e100%) to previously published sequences for Onchocerca flexuosa. The high prevalence of nodular onchocercosis caused by O. flexuosa in red deer in Sweden shows that the investigated areas in the southern third of Sweden have favorable vector (simuliids and ceratopogonids) conditions and suitable environment for the maintenance of the parasite. To our knowledge, this is the first systematic study of O. flexuosa in red deer in Sweden.
Introduction
Hunters and game processing units in Sweden have noted subcutaneous nodules on red deer (Cervus elaphus) carcasses at inspection for decades. The cause and distribution of the nodules within the Swedish red deer population has not been generally known or scientifically investigated. The parasites found in the nodules were hypothesized to belong to the genus Onchocerca (Filarioidea: Onchocercidae). The genus Onchocerca comprises over 30 species with a worldwide distribution mainly associated wild and domestic ungulates (e.g. cervids, horses, bovids, camelids.) (Morales-Hojas et al., 2006; Lefoulon et al., 2017) . Two species are found as adult worms in dogs (O. lupi) and humans (O. volvulus) (Wildenburg et al., 1997; Anderson, 2000; Morales-Hojas et al., 2006) .
Currently, members of the family Cervidae are hosts of six described species of Onchocerca; O. flexuosa, O. jakutensis (syn. O. tubingensis), O. skrjabini (syn. O. tarsicola), O. garmsi, O. eberhardi and O. cervipedis. In addition, an undescribed species was recently found in North American cervids (McFrederick et al., 2013) . In European red deer, four species of Onchocerca are represented (Bain and Schulz-Key, 1974) . Adult parasites have defined locations within the subcutaneous tissue in the host (Bain and Schulz-Key, 1974; Morandi et al., 2011; Hidalgo et al., 2015) . In red deer, O. flexuosa occurs on the dorsal areas of back and flank (Bain and Schulz-Key, 1974; San-Miguel et al., 2003; Hidalgo et al., 2015) , while O. jakutensis can be found on the posterior dorsal region and thighs (Bain and Schulz-Key, 1974 ) and the upper parts of the extremities (Demiaszkiewicz, 1993) . Onchocerca garmsi is present over the sternum (Schulz-Key et al., 1976) , while O. skrjabini generally is located in the subcutis over the tibio-tarsal and radiocarpal joints of red deer without causing nodular lesions (Bain and Schulz-Key, 1974; Wildenburg et al., 1997) . Two species; O. flexuosa and O. jakutensis, form subcutaneous nodules (Bain and Schulz-Key, 1974) and may look similar in appearance. However, O. flexuosa can be identified by localization and morphology and by DNA sequencing of certain regions in the mitochondrial DNA (Krueger et al., 2007) .
Previous reports of O. flexuosa in red deer (Cervus elaphus) are limited to central and southern European countries. Prevalence varies widely between reports and different countries (Hidalgo et al., 2015) ; from 5% in Czech Republic (P av and Zají cek, 1981) to 96% in Germany (Schulz-Key, 1975) . Other studies of O. flexuosa report prevalence 13% in Romania (Dulceanu and Ghitescu, 1986) , 60% in Poland (Demiaszkiewicz, 1998) , 33% in Ukraine (Zhelizniak, 2003) and 63% in Belarus (Shimalov and Shimalov, 2003) . In Spain, regional differences have been reported; in the central part of the country the prevalence of O. flexuosa was 24% (San-Miguel et al., 2003) and 33% (Santín-Dur an et al., 2001) , while in the northwest it was 85% (Hidalgo et al., 2015) . No previous systematic study of the parasite and its presence in red deer has been done in any of the Nordic countries. The genus Onchocerca is transmitted as larvae by obligate insect vectors including blackflies (Simuliidae); Simulium ornatum, Prosimulium nigripes and biting midges (Ceratopogonidae) (Frank et al., 1968) , in which the parasite undergoes necessary changes to become third stage larvae that are infectious, before it can be transmitted by vectors blood meal on the host (Taylor et al., 2007) . The parasite can cause the parasitic disease onchocercosis. Subcutaneous nodules caused by O. flexuosa in red deer are formed as a result of host immune reaction against the parasite (Plenge-B€ onig et al., 1995; Wildenburg et al., 1997; Hidalgo et al., 2015) . The lesions caused by subcutaneous nodules may lead to condemnation of the carcass at slaughter (Muller, 1979) and can affect the health of the animal but do not usually cause serious illness because of the localization (Plenge-B€ onig et al., 1995) . However, potential deleterious effects/or negative impacts of O. flexuosa infection on the health and welfare of red deer is unknown (Hidalgo et al., 2015) .
The aims of this study were to investigate the geographical presence and anatomical distribution of subcutaneous nodular onchocercosis in Swedish red deer and to identify the parasite species involved by mitochondrial DNA sequence analysis.
Materials and methods

Study area
Our study was carried out in 12 out of 13 counties in the southern third of Sweden covering an area of 126 500 km 2 . The inland area of this region has a cold climate with snow during the winter and coniferous forest as dominant vegetation while the landscape along the southern coast is characterized by deciduous forest and a warmer climate. Proximity to the North Atlantic Ocean and the Gulf Stream gives Sweden, despite its northern geographic location, mild winters with an average temperature in January of À2 C. The average annual temperature is 10 C (average temperature is 18 C in August) (http://www.smhi.se/kunskapsbanken/ klimat/sveriges-klimat-1.6867 [2015.11.19] ). Average annual precipitation is 500e800 mm, reaching peak values in the summer and autumn. During the winter the precipitation is mostly snow.
Sampling procedures
Between 1st October and 30 th December 2015, the carcasses of red deer from eight slaughterhouses were examined when skinned by the slaughterhouse staff during regular handling. Occurrence of subcutaneous nodular onchocercosis and animal data (sex, age) was documented in a protocol. There were two age groups: juveniles (<2 years old) and adults (>2 years old) based on weight, body shape, and size of antlers. Infection intensity was grouped by number of nodules per carcass; 0, 1e10, 11e50 and > 50 nodules. The localization of nodules on the skinned body was registered as found on lumbar back, rump, flank, chest, shoulder or forelimbs, or combinations of these areas. Throughout the study, fourteen samples of subcutaneous nodules were taken from the back of red deer from seven deer farms (two deer per farm) in different geographical areas. Genomic DNA from nematodes was extracted manually and preserved in 70% ethanol for molecular analysis.
Genotyping
Genomic DNA from parasites was extracted with NucleoSpin 
Data analysis
To investigate the influence of sex and age on presence and number of subcutaneous nodules in individual deer, Chi-square tests were performed as described by R ozsa et al. (2000) . Analysis was carried out using Minitab Express™ 1.3.0 (419068).
Results
Presence and distribution of nodules
A total of 151 red deer (104 males and 47 females) from 12 out of 13 counties in the southern part of Sweden were included in the study (G€ avleborg, Halland, J€ onk€ oping, Kalmar, Skåne, Stockholm, S€ odermanland, Uppsala, V€ armland, V€ astmanland, V€ astra G€ otaland and € Osterg€ otland). The majority of animals originated from red deer farms (86%, n ¼ 130). Five were free-ranging hunted deer (3%) and 16 were of unknown status (11%).
Subcutaneous nodules were found in 56% (95% CI 48e64, n ¼ 84 individuals). Due to difficulty of extracting and counting entire parasites from the nodules, prevalence and intensity of infection are reported as nodules per deer. The majority (95%) of infected individuals had less than 50 nodules, 67% of the parasitized deer had 1-10 nodules and 29% had 11-50 nodules (Table 1) . Adult red deer had a significantly (p < 0.0001) higher prevalence (82%, n ¼ 36) than juvenile deer up to 2 years of age (45%, n ¼ 48). The prevalence of infection in juveniles and adult animals were 35% (95% CI 24e45) and 96% (95% CI 87e100) for males, as well as 77% (95% CI 61e93) and 67% (95% CI 47e87) for females, respectively. A significant difference in prevalence (p ¼ 0.0072) was observed between males (48%, n ¼ 50) and females (72%, n ¼ 34). In this study, males were overrepresented by juvenile animals (75% of the juveniles were males and only 22% of adults). In contrast, females where more equally distributed across age classes, i.e. 24% and 48% of juveniles and adults, respectively.
In the vast majority, 96% (95% CI: 92e100, n ¼ 81) of infected red deer, nodules were localized to the lumbar region. Of these deer, 31% (95% CI: 21e41, n ¼ 25) also had nodules on the rump, flanks and upper forelegs. Furthermore, 7% (95% CI: 2e13, n ¼ 6) had nodules on the chest and front. Only three individuals (4%, 95% CI: 0e8) had nodules in all regions; back, flank, chest, front and forelegs.
The parasite nodules were rounded, oval to irregular in form and somewhat flattened, with a diameter from 4 mm up to 35 mm (Fig. 1a) . Generally, the nodules were firm and typically pale yellow with occasional red coloration due to hemorrhage. It was equally as common to observe solitary nodules or dense clusters of nodules. The threadlike parasites were tightly intertwined within the fibrous nodule but sections of adult worms could be manually extracted with a pair of tweezers (Fig. 1b) .
Genotyping and molecular findings
Sequencing the mitochondrial fragments of the rRNA 12S and 16S regions as well as nad5 produced aligned fragments, which after trimming of the primer sites, were between 428 and 477 bp long. The sequences were 477 bp for 12S, 430 bp for 16S and 428 bp for nad5 and with 2, 7 and 8 single nucleotide differences, respectively (http://www.ebi.ac.uk/ena/data/view/LT732682-LT732697[2017.07.28]). According to BLAST searches our sequences were more or less identical (12S ¼ 99e100%; 16S ¼ 93e100%%; nad5 ¼ 92e100%) with previously published sequences for Onchocerca flexuosa. Closest identities (100%) for our most common haplotypes were with GenBank accessions LT732687 (16S); LT732696 (nad5); and LT732682 (12S).
Discussion
In this study, over 50% of the examined red deer had subcutaneous nodules induced by Onchocerca flexuosa. The majority (96%) of the infected red deer had subcutaneous nodules on the lumbar region, which is consistent with the preferred location of this parasite (Bain and Schulz-Key, 1974) .
In accordance with similar studies (Santín-Dur an et al., 2001; San-Miguel et al., 2003; Hidalgo et al., 2015) there is a significant difference in prevalence of nodules between adults (81%) and juvenile deer up to two years of age (45%). The most plausible explanation for the observed difference between the age groups in this study is related to differences in the rate of exposure to the parasite by vectors. The prepatency period of O. flexuosa is at least six months (Schulz-Key, 1975) . Young red deer born in late spring could be infected with larvae or young adult parasites that were not yet circumscribed by nodules when the investigation was done in the fall. Infected filarial parasites (including Onchocercids) also tend to be long-lived (Wildenburg et al., 1997) . Thus it is more probable that parasite nodule intensity will increase rather than disappear with age of the host individuals.
Unlike other studies (Santín-Dur an et al., 2001; Hidalgo et al., 2015) we found a significant difference in infection rate between male (48%) and female (72%) deer in the present study. This is most likely explained by the uneven sex-distribution between and within the different age categories, rather than sex-related biological differences in susceptibility to O. flexuosa. Thus, we believe that it is more relevant to compare infection divergence in relation to age rather than between sexes. To compare our results of O. flexuosa prevalence with other studies is somewhat difficult because the number of similar studies are few (Hidalgo et al., 2015) . European reports on O. flexuosa in red deer are either focused on morphological species identification, prevalence of microfilariae in the skin or sex determination and number of adult parasites inside the nodules. Only a few studies compare the intensity of the number of nodules per individual (Santín-Dur an et al., 2001; San-Miguel et al., 2003; Hidalgo et al., 2015) .
The strongest red deer population is in the southern half of Sweden, but red deer exist also in fragmented populations in the northern half. Investigations on the prevalence of subcutaneous nodules in the red deer population where it is present throughout the country and during all seasons is needed to get a comprehensive picture of parasite presence in red deer in Sweden. Additionally, it would be interesting to do a systematic investigation and find out if there are differences in prevalence between animals kept in enclosures close to black fly habitat where infection pressure can be high due to permanent presence of intermediate hosts, versus the situation in free-ranging deer.
The presence of suitable vectors in different habitats also likely varies, as vectors are dependent on a wide range of environmental factors for optimal survival. A modification of these environmental factors would thus lead to changes in prevalence of O. flexuosa intermediate host. Today there are probably multiple simulids present throughout Sweden that are living in the same area as both parasite and host and therefor could potentially act as vectors.
Today, the impact of a warmer climate on Onchocerca species and their vectors is largely unknown (Krueger et al., 2007) . Nevertheless, this study contributes to the continued identification of Onchocerca species in red deer and their geographical distribution, which is necessary to achieve greater understanding of their evolution and potential impact on animals including humans (Morales-Hojas, 2009).
Conclusion
Subcutaneous nodular onchocercosis in Swedish red deer is caused by O. flexuosa and prevalence is significantly higher in adults (>2 years of age) compared to younger animals. High prevalence and intensity of nodular onchocercosis in Swedish red deer indicate favorable vector and environmental conditions for the spread of this parasite in the south-central parts of Sweden.
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